Abstract-We present a photonic integrated circuit (PIC) composed of two strongly coupled distributed Bragg reflector (DBR) lasers. This PIC utilizes the dynamics of mutual injection locking to increase the relaxation resonance frequency from 3 GHz to beyond 30 GHz. Mutual injection-locking and external injection-locking operation are compared.
Mutual Injection Locking of Monolithically
Integrated Coupled-Cavity DBR Lasers
I. INTRODUCTION
O PTICAL injection locking (OIL) has been shown to increase the relaxation resonance frequency of directly modulated lasers to frequencies as high as 50 GHz [1] . Since the bandwidth of directly modulated lasers is largely defined by relaxation resonance frequency, this characteristic of OIL has generated significant interest as it allows directly modulated lasers to achieve much higher bandwidths. In addition, OIL has also been used in optoelectronic oscillators [2] and to generate single sideband modulation [3] . However, these demonstrations were done with multiple discrete devices including circulators and isolators, which prevent practical implementation in complex systems. Monolithic integration of the master and slave lasers has the benefits of reduced coupling losses, increased mechanical robustness, smaller form factor and the compatibility of integration with other elements for the creation of highly functional photonic integrated circuits (PICs). Reported efforts at integration for OIL have focused on weakly coupled distributed feedback (DFB) lasers [4] . However, recent theoretical advances from our group have shown that even strongly coupled lasers display the OIL dynamics responsible for the modulation response enhancements [5] . In this letter we present a PIC composed of two distributed Bragg reflector (DBR) lasers with strongly-coupled cavities. When these coupled-cavity lasers operate in the mutual injection-locking regime, they exhibit frequency response resonances similar to OIL systems composed of discrete devices.
II. DESIGN AND FABRICATION
The coupled-cavity device consists of two DBR lasers sharing a center mirror. Although there is not a clearly defined master and slave lasers due to coupling between the lasers, for reference purposes the laser nearest the output will be referred to as the slave and the back laser will be referred to as the master as shown in Fig. 1 . The slave laser consists of a 58 m long front DBR mirror, a 50 m long phase section, a 200 m long gain section and a 45 m long rear DBR mirror. The rear mirror of the slave laser is shared between the two lasers and also acts as the front mirror for the master laser. The master laser consists of the shared DBR mirror, a 500 m long gain section, a 50 m long phase section and a 150 m long rear DBR mirror. The DBR mirrors were designed for effective power reflectivities of 90%, 45% and 99% for the slave front mirror, shared mirror and master rear mirror respectively. The ridge waveguide is 4 m wide with a curved and flared output to reduce back reflections and improve coupling efficiency to fiber.
The metal-organic chemical vapor deposition (MOCVD) grown epitaxial base structure for this chip consists of seven quantum wells centered in a InGaAsP waveguide layer grown on a conducting sulfur-doped InP substrate. The active-passive interface is defined using a quantum well intermixing technique similar to [6] , which allows the tailoring of the quantum well band edge with very low optical reflections. Following the definition of the DBR gratings for the mirrors, there is a single planar MOCVD regrowth of the InP p-cladding and p-doped InGaAs contact layer. Topside n-contacts, designed for high-speed probing, are formed using dry etching, metal deposition and annealing. Bis-benzocyclobutene (BCB) was used as a low-k dielectric under the p-contact pads to reduce the capacitance and isolate the n-metal and p-metal. A proton implant was used to isolate the p-contacts of the laser sections. After lapping and cleaving, a single layer anti-reflection coating was used to suppress facet back reflections. The devices were soldered to copper submounts. The DC (direct current) contacts were wirebonded to an AlN standoff and the high-speed laser gain sections were directly probed using a ground-signal-ground high-speed probe for testing.
III. EXTERNAL INJECTION MEASUREMENTS
As a reference, the frequency response of the slave laser under external injection was taken for varying detuning wavelengths. Light from a tunable external cavity laser was coupled into the slave laser cavity. A circulator was used to separate the laser output light from the injected light. The output of the modulated slave laser was input into a photodiode and then port 2 of a network analyzer. The master laser gain section was reverse biased to 4 V rendering it effectively an absorber. In this configuration the PIC slave laser is acting as a true slave laser and the external cavity laser is the injection locking master laser. The level of injected power into the laser cavity was measured by reverse biasing the slave laser gain section to 4 V and recording the measured photocurrent. The modulation responses for the external OIL configuration are shown in Fig. 2 . As a reference, the free running modulation response of the slave laser is the dashed curve in Fig. 4 . By detuning the injected wavelength, the resonance frequency was increased from 3 GHz to 37 GHz. However, a dip at low frequencies limits the bandwidth. Fig. 2 shows this dip can be reduced by reducing the negative detuning and using positive detuning. Additionally, the laser bandwidth can be further increased to beyond 20 GHz by reducing the injected power as shown by the dashed curve in Fig. 2 .
IV. COUPLED-CAVITY DEVICE MEASUREMENTS
The coupling of the laser cavities through the shared mirror causes the cavity modes to be nondegenerate and prevents the lasers from sharing a free running wavelength [8] . Therefore, single frequency operation is used as an indicator that the lasers are operating in the mutual injection locked regime as defined by a side mode suppression ratio of greater than 30 dB. Due to the lack of optical isolation, there are three active cavities in the PIC resulting in a complex cavity mode spacing which can be seen in the device spectra shown in Fig. 3 . Applying current to phase, mirror and gain regions allow the relative cavity spacing and detuning to be altered. The detuning is measured as the difference between the peak wavelength and the nearest cavity mode seen in the spectra. The present coupled-cavity device design limits the mutual injection lock band to detuning values of 0.25 nm to 0.31 nm.
The small signal frequency response of the PIC was characterized using a 50 GHz network analyzer. The output of the network analyzer was used to directly modulate the gain section of the slave laser. Meanwhile, the gain section of the master laser was biased at a constant current level. The light output of the device was coupled into a lensed fiber, detected by a high speed photodiode and the resulting electrical signal was directed to port 2 of the network analyzer. The small signal response of the free running slave laser was taken by reverse biasing the master laser gain section as was done for the external OIL measurements.
The normalized frequency response of the PIC under mutual injection locking is shown in Fig. 4 . The different curves are for varying levels of the slave phase current, which changes the effective cavity length of the slave laser. As a result the detuning between the free running wavelengths of the master and slave is altered. The resonance frequency closely correlates to the difference between the lasing wavelength and the nearest cavity mode seen in the optical spectra. The detuning decreases with increased phase current, moving the frequency resonance with it. The resonance is dampened as its frequency decreases, which is consistent with external injection locking theory and experiments results reported in [5] , [7] .
Measurements of the mutual injection locked PIC were also taken for varying levels of master laser gain current. The resulting frequency response measurements are shown in Fig. 5 . The relaxation resonance moves out to beyond 30 GHz when the lasers are mutually injection locked. The resonance frequency continues to increase with increasing master laser current. This is in contrast to the modulation response curves in Fig. 4 , where the relaxation resonance frequency increase is accompanied by a damping of the resonance. The damping in Fig. 5 is attributed to increased photon density in the modulated slave laser and the same trend also observed in the two 0.12 nm detuning curves for the external OIL system (Fig. 2) .
The resonance location and behavior with detuning and injection power is in agreement with the external OIL results for similar detuning presented in Section III and reported in [7] .
Therefore the resonances and their behavior can reasonably be attributed to mutual injection locking dynamics. However, the current device design prevents mutual injection locking operation with small or positive detuning that the external OIL experiments show is needed for increased device bandwidth. This shortcoming should be explored in future device designs aimed at utilizing smaller cavities and stronger mirrors to increase the mutual injection locking parameter space and enable an increased device bandwidth.
V. SUMMARY
We have successfully fabricated a monolithic PIC consisting of two DBR lasers with strongly coupled-cavities. The coupled cavity PIC operating in the mutual injection locking regime produces resonances in the frequency response whose frequency and damping can be controlled through the gain, phase and mirror bias currents. This resonance frequency is ten times the free running relaxation resonance frequency and was shown to be dependent on the relative cavity detuning of the two lasers. The damping of the resonance was closely tied to the photon density in the slave laser cavity. The observed frequency response behavior for the coupled-cavity device is similar to tabletop systems employing discrete lasers and circulators. This compact chip is compatible with further integration enabling highly functional PICs that utilize OIL to engineer the laser frequency responses for modulation beyond the limitations of the free running relaxation resonance frequency.
